1. Introduction {#sec1}
===============

The co-evolution of animals, from insects to humans, with microorganisms has created a symbiotic relationship with a delicate balance providing the host with functions it did not have to evolve itself. The microorganisms that colonize an animal, collectively known as the microbiota, reside on all mucosal surfaces in the body with the highest numbers in the gut. The gut microbiota is dominated by bacteria distributed over 500--1000 species. The microbiota have previously been estimated to outnumber human cells by 10 [@bib1], [@bib2], but a recent estimate reveals a ratio closer to 1 to 1 [@bib3]. Regardless, the combined genomes of the microbiota, referred to as the microbiome, contains more than 10 million genes [@bib4] including a vast array of genes controlling many metabolic pathways. The microbiome provides metabolic functions that the host did not have to develop itself, for example degradation of complex polysaccharides to short-chain fatty acids (SCFAs). Furthermore, the interaction between nutritional content of the diet and bacterial metabolism in the gut produces a metabolic footprint with an extensive number of bioactive metabolites that can influence the host in ways we are only starting to understand. Culture-independent methods to analyze the microbiota together with the use of gnotobiotic genetically modified animals have greatly increased the knowledge of host--microbial interactions and their impact on host physiology and identified that an altered microbiota is associated with metabolic diseases including obesity and type 2 diabetes [@bib5].

The gut is an important sensor of energy balance and nutrient status and, as such, signals to the brain and periphery via neurons and hormones [@bib6]. In contrast to many endocrine organs, enteroendocrine cells are sparsely distributed in the epithelial lining and account for ∼1% of the cells in the intestinal mucosa [@bib7], [@bib8]. Enteroendocrine cells secrete a vast number of peptides with profound effects on host physiology, which has been extensively reviewed elsewhere [@bib9], [@bib10]. Among the most studied peptides are the glucagon-like peptide 1 (GLP-1) and peptide YY (PYY). Both are secreted by L-cells that are most abundant in the distal small intestine and the colon and have several biological functions in host physiology ranging from controlling appetite and regulating stomach emptying and gut transit to acting as incretin hormones and promoting β-cell survival and proliferation. Here we will focus on how host--microbial interactions regulate enteroendocrine function in a spatio-temporal fashion and how they impact host physiology.

2. L-cell hormones {#sec2}
==================

Enteroendocrine L-cells have mainly been studied for their function as regulators of postprandial response to nutrients. One prominent feature of L-cells is the expression of the proglucagon gene (*Gcg*) which is also expressed in pancreatic α-cells. The proglucagon peptide is cleaved by prohormone convertase to produce different proteins depending on the cell type and expression pattern of prohormone convertases. Prohormone convertase 2, which is abundant in pancreatic α-cells, generates glucagon, whereas prohormone convertase 1/3 in L-cells produces GLP-1, GLP-2, and oxyntomodulin [@bib11].

GLP-2 has been shown to be important for gut epithelial function by stimulating epithelial cell regeneration and improving barrier function in the intestine [@bib12]. Feeding *ob/ob* mice with prebiotics improved barrier function and reduced plasma LPS levels, which was associated with an increase in bifidobacteria and lactobacillus and dependent on GLP-2 [@bib13]. Regeneration and growth of the intestine has also been shown to be promoted by GLP-1 and may, at least in part, be mediated through Fgf7 [@bib14], [@bib15].

Oxyntomodulin promotes satiety and serves as an agonist to both GLP-1 and glucagon receptors, albeit with a lower affinity than GLP-1 and glucagon [@bib16], [@bib17], [@bib18], [@bib19].

Perhaps the least studied gut hormone from L-cells is INSL5, which is expressed in colonic L-cells. INSL5 is upregulated by caloric restriction [@bib20] as well as in germ-free mice [@bib21], in which colonocytes are energy deprived due to the lack of SCFAs from fermenting bacteria [@bib22]. Subsequently, INSL5 acts as an orexogenic hormone under conditions of energy deprivation where it stimulates food intake [@bib20] and promotes hepatic glucose production [@bib21]. These results suggest that INSL5 is an orexogenic hormone that may be physiologically important when energy is scarce, but studies in humans are required to determine the importance of this hormone *in vivo*.

In contrast to INSL5, the postprandially induced L-cell hormones PYY and GLP-1 have been shown to inhibit food intake [@bib23], [@bib24]. GLP-1 and PYY levels in the circulation increase within 15 min after a mixed meal and reach peak levels at 40 and 90 min [@bib25], [@bib26]. GLP-1 and PYY also have been shown reduce gastrointestinal transit and contribute to the ileal brake where gastric emptying is inhibited to balance food delivery to the intestine with digestion and absorption rate [@bib27], [@bib28], [@bib29], [@bib30], [@bib31]. GLP-1 is well known for its role as an incretin hormone where it, together with the gastric inhibitory peptide (GIP), contributes to postprandial glucose clearance by stimulating insulin secretion from the pancreatic β-cells [@bib11]. The mechanism by which GLP-1 stimulates insulin secretion was previously thought to be through an endocrine route where circulating GLP-1 acts directly on pancreatic β-cells since they express high levels of the GLP-1 receptor. However, recent studies have questioned this canonical signaling pathway, which will be discussed further below.

3. Receptor signaling pathways regulating GLP-1 in L-cells {#sec3}
==========================================================

L-cells are important sensors of nutrients present in the intestine, mediating signals to nearby cells as well as extra-intestinal organs of the body. These cells express a vast array of seven-transmembrane (7TM) G protein-coupled receptors (GPCRs) located in their cell membranes that can sense a broad spectrum of nutrients and metabolites, including microbially derived products [@bib32].

4. Metabolic receptors {#sec4}
======================

Medium and long chain fatty acids (MCFAs and LCFAs) are sensed by L-cells through the receptors GPR40 and 120, which stimulate the release of GLP-1 [@bib33], [@bib34]. Furthermore, GLP-1 is also induced by ethanolamides that signal through the receptor GPR119, which is expressed by L-cells, providing yet another signaling pathway in which fatty acids can affect enteroendocrine hormone secretion [@bib35] that could serve as a potential therapeutic target to increase GLP-1 secretion.

Glucose can directly promote GLP-1 release in a sodium glucose cotransporter 1 (SGLT-1) dependent pathway, and another study showed that the responsiveness to glucose *in vivo* is restricted to the small intestine whereas glucose injection in the colon did not affect GLP-1 levels [@bib36], [@bib37], lending evidence to distinct differences between small intestinal and colonic L-cells ([Figure 1](#fig1){ref-type="fig"}).

5. Dietary fibers and SCFAs {#sec5}
===========================

SCFAs are the major products of microbial fermentation of fiber. The most abundant SCFAs produced by the gut microbiota are acetate, propionate, and butyrate [@bib38], which can signal by several different pathways including GPCRs and histone deacetylase (HDAC) inhibitors but also act as substrates for intestinal gluconeogenesis and as an energy source [@bib39] ([Figure 1](#fig1){ref-type="fig"}). SCFAs bind to the GPCRs GPR41 and GPR43, which show distinct expression patterns. GPR41 is predominantly expressed in small intestinal L-cells whereas GPR43 is predominantly expressed in colonic L-cells [@bib40]. In humans, GPR41 and GPR43 are not expressed by the same cells [@bib40], [@bib41], [@bib42], suggesting that distinct subpopulations of L-cells exist (see below). Binding of SCFAs to their receptors stimulates GLP-1 release [@bib40], [@bib43], providing a mechanistic explanation for the increased levels of GLP-1 upon dietary fiber supplementation. GPR41 knockout mice have resulted in conflicting results, showing either worsening of glucose tolerance [@bib40] or no effect on glucose tolerance [@bib44]. Knocking out GPR43 resulted in similar effects with reports on both having a worsened glucose tolerance [@bib40] or no change [@bib45]. The underlying reason for this discrepancy is unknown. However, diet may be an important factor, especially in combination with the microbiota in a given animal facility as different diets will yield different SCFA profiles and microbiota in different animal facilities produces specific metabolic profiles [@bib46].

6. Bile acids {#sec6}
=============

Another group of microbially modulated metabolites affecting host metabolic pathways are bile acids. They are produced in the liver from cholesterol and are secreted into the duodenum upon ingestion of a meal. Bile acids, originally considered to be detergents required for lipid absorption, are increasingly recognized as important signaling molecules affecting host metabolism. Bile acids are deconjugated by the microbiota in the lower small intestine and further metabolized in the colon to generate secondary bile acids [@bib47], [@bib48]. Bile acids signal through distinct receptors such as TGR5 and the nuclear receptor farnesoid X receptor (FXR), both of which are expressed by L-cells.

Activation of TGR5, which is more highly expressed in colonic L-cells compared with ileal L-cells, results in increased GLP-1 secretion [@bib49], [@bib50] ([Figure 1](#fig1){ref-type="fig"}). In contrast, activation of FXR leads to reduced GLP-1 expression both in ileal and colonic L-cells, and knockout of FXR increases GLP-1 gene expression and secretion in response to glucose ([Figure 1](#fig1){ref-type="fig"}). Interestingly, FXR activation in TGR5 knockout mice display differences between ileal and colonic L-cells. Whereas the reduction of proglucagon expression in the ileum is retained, the colonic reduction of proglucagon is blunted in the TGR5 knockout mice, suggesting a crosstalk between FXR and TGR5 in colonic but not ileal L-cells [@bib51]. The differences between FXR and TGR5 signaling could be explained by their mode of action. Whereas TGR5 activation results in rapid responses in signaling pathways and release of preformed GLP-1, FXR activation is slower as it is a nuclear receptor that affects gene transcription.

7. Are all L-cells equal? {#sec7}
=========================

Whereas L-cells in the in the small intestine and colon secrete GLP-1, GLP-2, PYY, and oxyntomodulin [@bib9], INSL5 expression is restricted to colonic L-cells [@bib20], [@bib21]. Similarly, the response to glucose is limited to small intestinal L-cells [@bib36], [@bib37] and expression of SCFA receptors GPR41 and GPR43 as well as the bile acid receptor TGR5 differs between small intestinal and colonic L-cells [@bib36], [@bib40] suggesting that there are several different subtypes of L-cells and that this nomenclature may need to be revised or at least the origin of the cell should be stated. This is supported by a transcriptional profiling study of L-cells in the small intestine and colon: L-cells in the small intestine had a transcription profile that were more similar to other small intestinal enteroendocrine cells than colonic L-cells, suggesting that the microenvironment is important for L-cell function [@bib52]. The variety of expressed hormones in different enteroendocrine cell populations was further demonstrated by the fact that CCK expressing I-cells expressed different combinations of peptide hormones in addition to CCK, further emphasizing that there may be more populations of enteroendocrine cells than previously appreciated [@bib53].

The microbial communities in the small and large intestine are different [@bib54], and microbial cells are in direct contact with the epithelium and L-cells in the small intestine. In contrast, the microbiota is separated from the cells by a mucus layer in the colon [@bib55]. Thus, it is clear that different cell populations may react to local environmental cues that can be regulated by the gut microbiota. For example, secondary bile acids, agonists for TGR5, are only produced in the colon [@bib56] but may reach the ileum as conjugated after being recirculated from the colon. Furthermore, whereas SCFA is present in the 100 mM range in the colon exceeding the EC~50~ for GPR41 and 43 with 3--4 orders of magnitude [@bib57], SCFA levels in the ileum are lower [@bib38], suggesting that variation in SCFA concentrations may be more relevant for ileal L-cell biology. Finally, the interaction between the microbiota and GLP-1 is reciprocal as mice lacking the GLP-1 receptor have an altered microbiota, which may be attributed to altered regulation of intra epithelial lymphocyte (IEL) activity. IELs express the GLP-1 receptor, and activating the receptor increases the expression of immunomodulatory genes and antimicrobial peptides [@bib58]. Thus, it would be interesting to examine how GLP-1 analogs modulate the gut microbiota in humans.

In addition to the differences between L-cells in different compartments there are also data suggesting that GLP-1 may have different actions depending on where it is released. As previously mentioned, GLP-1 is well known for its role as an incretin hormone, acting within 15 min after a meal, but the fact that the highest density of GLP-1 expressing cells reside in the colon, which will not sense nutrients from a meal until later, suggests that the postprandial rise in GLP-1 is not due to its release from colonic L-cells. Furthermore, GLP-1 is considered to be an anorectic hormone that reduces appetite but, at the same time, levels of GLP-1 are increased in situations of low energy as in anorexic patients and germ free mice that have increased food intake compared with conventionally raised counterparts [@bib59], [@bib60], [@bib61]. Based on these facts, it is conceivable that GLP-1 may have different functions depending on where it is secreted and the fact that the peptide has a half-life of only 2 min [@bib11], [@bib62], which suggests that GLP-1 may mainly have paracrine rather than hormonal functions, or even signal directly to GLP-1R expressed on vagal afferent nerves that relay signals to the brain.

7.1. The role of GLP-1 as an incretin hormone in the small intestine {#sec7.1}
--------------------------------------------------------------------

The role of GLP-1 as an incretin hormone is well established, and the classical view has been that it acts as an endocrine hormone. In this way, L-cells from the intestine release GLP-1 upon ingestion of a meal, and circulating GLP-1 reaches the pancreatic β-cells where it binds to the GLP-1 receptor, which stimulates insulin secretion. Indeed, GLP-1 is released from the intestinal L-cells, and stimulation of β-cells with GLP-1 induces insulin secretion. However, the very short half-life of the active peptide [@bib62] and the relatively modest increase of postprandial GLP-1 in the circulation [@bib63], [@bib64], [@bib65] suggests that the incretin effect of GLP-1 acts through alternate routes. Further support of an alternate route came from mouse knockout experiments in which the GLP-1 receptor was selectively knocked out in the pancreatic β-cells [@bib66]. Interestingly, whereas intraperitoneal glucose tolerance was impaired in the knockout mice, oral glucose tolerance was not. Thus, it is likely that the incretin effect may involve nervous signaling, and recent data have demonstrated that GLP-1 receptors are expressed on nerves in the intestinal submucosa [@bib67]. Thus, receptor activation could enable a neuronal signaling route mediating the incretin effect, which has experimental support [@bib61], [@bib68]. However, a recent study using tissue specific knockdown of GLP-1R showed that neither CNS nor vagal GLP1R signaling contributes to the incretin effect during a glucose tolerance test [@bib69]. Furthermore, an experiment in which the GLP-1R was selectively expressed in β-cells in a *Glp-1r* −/− background showed that glucose tolerance was restored to normal. Intriguingly, this was not associated with improved postprandial insulin secretion [@bib70]. Thus, GLP-1 released by intestinal L-cells in response to a meal increases glucose clearance through the incretin effect, possibly through a neuronal signaling pathway that does not require CNS or vagal GLP1R signaling. However, additional work is required to clarify how the GLP-1 mediates the incretin effect as well as how and if the microbiota directly or indirectly affects this process.

7.2. GLP-1 as an energy sensor in the colon {#sec7.2}
-------------------------------------------

The highest density of GLP-1 expressing L-cells are in the colon [@bib71], but nutrients do not reach the colon until long after (60 min) a meal. In contrast, the insulin peak occurs after 15 min. Most nutrients are absorbed in the small intestine, which makes it unlikely that colonic GLP-1 contributes to the incretin effect. This was further confirmed by the finding that the elevated levels of GLP-1 observed in germ-free mice did not contribute to improved glucose metabolism [@bib31] and suggests that colonic produced GLP-1 has other biological function(s). We recently proposed that the physiological role of the increased basal GLP-1 expression from colonic L-cells function as an energy sensor to slow intestinal transit to allow more time for nutrient harvest in the small intestine. This hypothesis was supported by the fact that feeding germ-free mice an energy-rich Western diet was sufficient to normalize GLP-1 levels and gut transit [@bib31]. This is likely an evolutionary advantage whereby in energy scarcity, the small intestinal transit is slow, providing more time for nutrient extraction, whereas in energy sufficient state, it is an advantage to have more rapid transit to expel potential pathogenic bacteria. Furthermore, this is more in line with the orexogenic effects of INSL5 that is secreted from colonic L-cells and contrasts the anorexic effects of GLP-1 from other cellular compartments. In support of an energy-sensing role for colonic GLP-1 are the observations that anorexic patients have increased GLP-1 levels and slower gastrointestinal transit [@bib59], [@bib60]. We recently observed that colonic INSL5 promotes hepatic glucose production, which is also in line with the notion that colonic L-cells function as energy sensors contributing to adaptation to famine [@bib21]. Thus, the colonic L-cells may serve as energy sensors and respond to low energy levels by increasing appetite and hepatic glucose production through INSL5 and by slowing gastrointestinal transit through GLP-1.

8. Conclusion and perspectives {#sec8}
==============================

In conclusion, it has become clear that the gut microbiota affect host metabolism in multiple ways and changes in the gut microbiota undoubtedly correlate with metabolic disease. The mechanisms by which the gut microbiota interacts with diet and its host is becoming clearer, and some effects may involve signaling through L-cell hormones such as GLP-1, PYY, and INSL5. However, at present, there is little knowledge on how the microbiota modulates other L-cell hormones such as GLP-2 and oxyntomodulin. Considering the large pool of microbially derived metabolites with unknown receptors, there is reason to believe that microbiota-host signaling in L-cells goes way beyond SCFA and bile acid signaling. This notion emphasizes the need to identify novel signaling pathways to find possible new therapeutic targets in treatment of metabolic disease.

To understand the full complexity of L-cell hormone functions and the different roles of GLP-1 from different cellular sources, it would be necessary to specifically target Gcg expression in the different cell types. Separating small and large intestinal L-cells has been difficult, but by identifying genes that are specific to one of the compartments, as in the case of INSL5 in colonic L-cells, might open new ways of dissecting the different roles of GLP-1 and how the microbiota affects specific pools of L-cells, which would be of great interest considering the extensive use of GLP-1 mimetics in treatment today.
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![**Distinct functions of small intestinal and colonic L-cells**. L-cells in the small intestine and colon are exposed to different microbes and metabolites derived from diet and diet-microbe metabolism. As such, they induce specific signaling pathways leading to different physiologic outputs. SCFA, short-chain fatty acids; LCA, lithocholic acid; DCA, deoxycholic acid; FXR, farnesoid X receptor; *Gcg*, proglucagon gene; PYY, peptide YY; GLP-1, glucagon-like peptide 1; SGLT-1, sodium glucose cotransporter 1.](gr1){#fig1}
